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1. SUMMARY 
The major objective of this contract is to improve web base 
material with a goal of obtaining solar cell efficiencies in excess of 
188 (AM). 
carrier loss mechanisms in web silicon, eliminating or reducing these 
mechanisms, designing a high-efficiency cell structure with the aid of 
numerical models, and fabricating high-efficiency web solar cells. 
Fabrication techniques must preserve or enhance carrier lifetime in the 
bulk of the cell and minimize recombination of carriers at the external 
surf aces. 
Efforts in this program are directed toward identifying 
During this reporting period, three completed cells were viewed 
by cross-sectional TEM in order to investigate further the relation 
between structural defects and electrical performance of web cells. 
Consistent with past TEM examinations, the cell with the highest effi- 
ciency (15.08) had no dislocations but did have 11 twin planes. 
remaining two cells, one was made from a section near the beginning of  a 
crystal and the other was made from a section near the end o f  the same 
crystal. The most prominent feature of this pair o f  cells is the loca- 
tion of the twin planes relative to the external surface. 
near the beginning of the crystal, the heavily twinned region is located 
approximately midway through the thickness of the web. For the cell 
near the end of the crystal, the heavi ly twinned region has moved to 
within a few microns of the external surface. 
termination of the crystal may have been a result of the twin planes 
exiting the web ribbon. 
Of the 
For the cell 
This suggests that the 
In order to passivate the dislocation/precipitate structural 
defect that has been observed by TEM in completed web cel Is,  hydrogen 
1 
ions have been implanted i n t o  web s t r i p s .  The implantat ion was done 
a f t e r  boron and phosphorus d i f f u s i o n s ,  b u t  before m e t a l l i z a t i o n .  This  
i s  t h e  f i r s t  t ime t h a t  hydrogen has been implanted a t  t h i s  p o i n t  i n  t h e  
processing sequence. Implant ing hydrogen a t  t h i s  p o i n t  i s  compatible 
w i t h  t h e  overa l l  Westinghouse process. 
2 Results f o r  small area (1 cm ) web c e l l s  were very encouraging. 
For example, a web c e l l  w i thout  hydrogen implantat ion had an e lec t ron  
d i f f u s i o n  length o f  19 pm and an e f f i c i e n c y  o f  11.9%. With hydrogen 
implantat ion, the d i f f u s i o n  length and e f f i c i e n c y  o f  a corresponding 
c e l l  improved t o  120 p m  and 16.l%, respec t ive ly .  I t  was a lso  found t h a t  
web c e l l s  which had a h igh e f f i c i e n c y  wi thout  hydrogen implantat ion 
(16.7%) were not  improved f u r t h e r  by the  implant.  Presumably, t h i s  i s  
because there were very few defect  leve ls  t o  passivate i n  t h i s  super ior  
q u a l i t y  web mater ia l .  
An attempt was a lso made t o  passivate a number of f u l l - s i z e d  
(2.0 x 9 .8  cm) c e l l s .  I n  t h i s  case, the  improvement was less pronounced 
than f o r  the  small (1 cm ) c e l l s .  Th is  may be a consequence o f  non- 
un i formi ty  of  the  ion beam or o f  i n s u f f i c i e n t  temperature r i s e  of the  
web s t r i p  dur ing implantat ion.  These f a c t o r s  are being invest igated, 
and a second t r i a l  w i t h  f u l l - s i z e d  web c e l l s  w i l l  be made. 
2 
F i n a l l y ,  web c e l l s  2 x 2 cm i n  s i z e  have been fabr ica ted  w i t h  
oxide-passivated f r o n t  and back surfaces, an aluminum back surface 
r e f l e c t o r ,  and a double-layer (ZnS and MgF2) a n t i r e f l e c t i v e  coat ing.  
The web substrate r e s i s t i v i t y  was nominal ly 4 ohm-cm, and t h e  c e l l  
thickness was approximately 130 pm. 
of 16.571, w i t h  a s h o r t - c i r c u i t  cur ren t  densi ty  o f  37.5 mA/cm2 and an 
e lec t ron  l i f e t i m e  of 38 ps as measured by the  open-c i rcu i t  vol tage decay 
(OCD) technique. For comparison, c e l l s  using Wacker f l o a t  zone (0.2 
ohm-cm) substrates were a lso fabr ica ted  as c o n t r o l s .  The best f l o a t  
zone c e l l  had an e f f i c i e n c y  o f  18.3% w i t h  a s h o r t - c i r c u i t  cur ren t  
The best  web c e l l  had an e f f i c i e n c y  
2 
I 
dens i ty  of 35.9 mA/cm2 and an OCD I i f e t i m e  o f  18 p s .  
t o  note t h a t  t h e  best web c e l l  was super ior  i n  s h o r t - c i r c u i t  cu r ren t  and 
l i f e t i m e  t o  t h e  best  f l o a t  zone c e l l .  However, t he  lower r e s i s t i v i t y  o f  
t h e  f l o a t  zone mater ia l  resu l ted  i n  higher values o f  open-c i rcu i t  
vol tage and f i l l  fac to r ,  and hence i n  higher e f f i c i e n c y  than t h e  web 
c e l l .  Future plans c a l l  f o r  using l o w - r e s i s t i v i t y  (0.2 ohm-cm) web 
substrates along w i t h  hydrogen implantat ion i n  order t o  approach the  
e f f i c i e n c y  present ly obtainable w i th  l o w - r e s i s t i v i t y  f l o a t  zone 
substrates (18%). 
I t  i s  i n t e r e s t i n g  
A t o t a l  o f  e i g h t  web ce l l s ,  a l l  2 x 2 cm i n  s ize,  have been 
de l i vered  t o  JPL a s  requi red by the  cont rac t .  
t h a t  ce l  Is  4 cm2 i n  area have been fab r i ca ted  wi th  the  "h igh-e f f i c iency"  
process; prev ious ly ,  on ly  c e l l s  1 cm2 i n  area were fabr ica ted .  
c e l l s  were accompanied by measurement r e s u l t s ,  inc lud ing  l i gh ted  I - V ,  
quantum e f f i c i e n c y ,  and minor i ty  c a r r i e r  l i f e t i m e .  
Th is  i s  the  f i r s t  t ime 
The 
3 
2. INTRODUCTION 
eff ic 
eff ic 
opt i m 
The idealized efficiency of a silicon solar cell is about 25%, 
although present day cells fall considerably short of this limiting 
value. This is largely a consequence of heavy doping effects, nonideal 
bulk parameters (particularly minority carrier diffusion length), and a 
high rate of recombination at the cell surfaces. The major problems of 
ency improvements fall in the above categories. In addition, 
ent contacts and antireflective coatings are essential and must be 
zed consistent with device structure. 
Starting material is vitally important for high-efficiency 
cel Is, since high efficiency (>18%) cannot be realized if the starting 
material is poor or if it degrades with processing. The objective of 
this program is to understand and improve web silicon so that high-effi- 
ciency web cells can be fabricated using advanced cell design and 
processing. This includes the understanding of mechanisms which limit 
the diffusion length in web silicon, the development of  means for 
eliminating or ameliorating these mechanisms, the recognition of exces- 
sive recombination activity in all regions of an operating cell, and the 
reduction of this recombination. 
This eighth quarterly report describes the results of a 
continuing transmission electron microscopy (TEM) investigation to 
understand better the extended structural defects that exist in web 
.material, the results of low-energy high-dose hydrogen ion implantation 
to passivate these defects, and the results of advanced processing to 
fabricate high-efficiency web cells. 
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3. TECHNICAL PROGRESS 
3.1 CROSS-SECTIONAL TEM VIEWS OF THREE WEB CELLS 
Three add i t i ona l  web c e l l s  were examined by cross-sectional TEM. 
The web substrate f o r  c e l l  218 was grown from the  R-furnace, which o f t e n  
produces mater ia l  from which c e l l s  o f  very good q u a l i t y  a re  made. This 
c e l l  was examined t o  a i d  i n  fu r the r  c l a r i f y i n g  t h e  c h a r a c t e r i s t i c s  o f  
good c e l l s  and good mate r ia l .  
c r y s t a l ,  one near the  beginning o f  t he  c r y s t a l  (88) and the  other  from 
near the  end o f  t h e  c r y s t a l  (17B). 
o f  c e l l s  i s  t o  see i f  any s i g n i f i c a n t  d i f f e rence  e x i s t s  between the  
mater ia l  a t  t he  extremes o f  a web c r y s t a l .  
Ce l l s  88 and 178 were made from the  same 
The purpose f o r  examining t h i s  p a i r  
Figures 1 and 2 show the r e s u l t s  f o r  c e l l  218, which had an 
e f f i c i e n c y  o f  15.02, and which was made from c r y s t a l  R-492-15.5. Note 
t h a t  there  a re  11 t w i n  boundaries d i s t r i b u t e d  over 3.6 p m  i n  depth and 
t h a t  there  are very few d is locat ions,  e i t h e r  i n  the  heavi ly  twinned 
reg ion or  i n  the  bu lk .  Th is  i s  cons is ten t  w i t h  e a r l i e r  r e s u l t s  which 
showed t h a t  a high e f f i c i e n c y  (15.02) r e s u l t s  from mater ia l  w i th  few 
d is loca t ions ,  i n  s p i t e  o f  t he  reasonably large number o f  t w i n  planes 
(11). Again, t he  t w i n  planes, themse ves, do no t  seem t o  p lay  a r o l e  i n  
l i m i t i n g  the  e f f i c i e n c y  o f  t he  c e l l s .  
c e l l ,  measured by the  surface photovo tage technique, was 137 p m .  
The d i f f u s i o n  length f o r  t h i s  
Figures 3 and 4 show the r e s u l t s  f o r  c e l l  88, which was f a b r i -  
The e f f i c i e n c y  of  t h i s  c e l l  cated from sec t ion  2 o f  c r y s t a l  2-297-16. 
was 14.02, and sec t ion  2 was w i th in  66 cm o f  t he  beginning o f  t he  
c r y s t a l .  
and the  t w i n  boundaries are located approximately midway through the  
thickness o f  t he  c r y s t a l .  
7 
twinned reg ion (1.3 x 10 and i n  the  bulk  o f  t he  c e l l .  
There a re  21 t w i n  boundaries d i s t r i b u t e d  over a 3 . 9  ,pm depth, 
D is loca t ions  were evident both i n  the  heav i l y  
5 
CELL 2 1  B: R492-15.5: (1 5%) 
1 
Twin Planes Vertical 
Figure 1 - Cross-sectional TEh4 view of cell 21B (15%) 
from furnace R showing 11 twin boundaries 
distributed over 3.6 pm in depth. 
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C ELL 2 1 B : R492-15.5 : (1 5 %) 
Twin Planes Tilted 
Figure 2 - Cross-sectiona 
twin planes ti 
occasional dis 
TEM view o f  cell 21B with 
ted showing only  an 
ocat i on. 
7 
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CELL 88:2297-16.2:(14%) 
Twin Planes Vertical 
Figure 3 - Cross-sectional TEM view of cel I 8B (14%) 
from section 2 of crystal 2-297-16 showing 21 
twin boundaries distributed over 3.9 pm in depth. 
8 
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CELL 8B:2297-16.2:(14%) 
Thin Section Thick Section Bulk Web Structure 
in Planes Til 
Figure 4 - Cross-sectional TEM view o f  cell 88 with twin 
planes tilted showing disjocations piled ug at 
the twin planes (1.3 x 10 
and also in b u l k .  
dislocations/cm ) 
9 
RM-9195 
Figures 5, 6, and 7 show the  r e s u l t s  f o r  c e l l  176, which was 
fabr icated from sec t ion  14 o f  c r y s t a l  2-297-16. Sect ion 14 was approxi- 
mately 460 cm from the  beginning o f  t he  c r y s t a l  and was the  l a s t  sec t ion  
o f  t he  c rys ta l  before i t  terminated. (This c r y s t a l  was a lso  a p a r t  o f  
t h e  27,000 cm 
exceeding 25,000 cm .) The e f f i c i e n c y  o f  t h i s  c e l l  was 12.92, a 
decrease from the  14.02 value o f  ce l  I 8B above. There were 13 t w i n  
boundaries d i s t r i b u t e d  over 3.3 p m  i n  depth. 
a t  a higher concentrat ion i n  the  heavi ly  twinned region (3.6 x 10 
than f o r  c e l l  8B and were a l so  found i n  the  bulk .  
2 growth run which f i r s t  demonstrated web weekly throughput 
2 
Dis loca t ions  were present 
7 cm-2) 
The most s t r i k i n g  fea ture  o f  t he  TEM views f o r  c e l l  17B i s  t h a t  
t h e  heavi ly twinned reg ion i s  very c lose t o  the  external  surface o f  t h e  
web. Figure 5 shows t h a t  on ly  2.6 pm separates the  external  surface o f  
t he  c rys ta l  from the  beginning o f  the  heavi ly  twinned region. 
suggests t h a t  t he  cause f o r  terminat ion o f  t h i s  c r y s t a l  may have been 
the  movement o f  the  twinned reg ion t o  the  external  surface. It i s  also 
possib le  t h a t  t he  lower e f f i c i e n c y  o f  t h i s  ce l  I, compared t o  ce l  I 86, i s  
associated with having the  heavi ly  twinned reg ion q u i t e  c lose  t o  the  
external  surface. 
r e l a t i v e l y  h igh densi ty  o f  d is loca t ions  i n  the  heav i l y  twinned reg ion 
would be expected t o  degrade the  c e l l  e f f i c i e n c y .  
This 
I f  t h i s  surface was the  f r o n t  o f  t he  c e l l ,  then the  
3.2 HYDROGEN ION IMPLANTATION INTO WEB CELLS AFTER 
DIFFUSIONS USING THE WESTINGHOUSE SYSTEM 
It has been demonstrated t h a t  s i l i c o n  web can be grown and 
processed w i t h  a d i s loca t i on  densi ty  t h a t  i s  below the  de tec t ion  l i m i t  
o f  TEM, and t h a t  w i t h  such mater ia l  it i s  poss ib le  t o  f a b r i c a t e  cells 
wi th  e f f i c i e n c i e s  exceeding 152 by the  basel ine processing sequence a t  
West i nghouse AESD . 
wet I contro l  led a s  y e t  t o  produce, a t  w i  I I, web mater ia l  i n  which the  
d i f f u s i o n  length approaches the  thickness. Since such super ior  q u a l i t y  
mater ia l  i s  required i n  order t o  meet the  e f f i c i ency  ob jec t ives  o f  t h i s  
However, t he  growth cond i ti ons are  n o t  suf  f i c i en t  I y 
10 
Twin Planes Vertical 
CELL 17 B:2297-16.14: (13%) 
Figure  5 - Cross-sectional TEM view o f  c e l l  17B (13%) from 
sect ion 14 (near the end) o f  c r y s t a l  2-297-16 
showing 13 t w i n  boundaries d i s t r i b u t e d  over 
3.3 pm i n  depth and t w i n  boundaries w i t h i n  2.6 prn 
o f  t h e  external  surface. 
11 
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ORIGINAL PAGE IS 
OE POOR QUALITY 
C E L L 17 B :2297- 16.14: (1 3%) 
Twin Planes Tilted 
Figure 6 - Cross-sectional TEM view o f  cell 178 with twin 
planes tjlted showing a djslocation density of 
3.6 x 10 dislocations/cm in the heavily 
twinned region. 
12 
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C ELL 17 B :2297-16.14: (13%) 
Bulk Web Structure 
7 Thin Section 7 Thick Section 
Figure 7 - Cross-s ctional TEM view of  bulk structure in 
cell 178 showing no dislocations in the thin 
section between the external surface and the 
twin planes, but dislocations present in the 
thick section on the opposite side o f  the 
twin planes. 13 RM-9199 
program, hydrogen ion implantat ion i s  being invest igated t o  passivate 
the  d i s loca t i on /p rec ip i t a te  defects  t h a t  have been observed i n  web 
ce l  Is. 
It has no t  been determined whether the  d i s loca t i ons  alone, t he  
p rec ip i t a tes  which decorate the  d is loca t ions  alone, o r  t he  
d i s loca t i on /p rec ip i t a te  combination i s  responsible f o r  l i m i t i n g  t h e  
d i f f u s i o n  length i n  web ce l  Is. 
SiOx p rec ip i ta tes  i n  s i l i c o n  do introduce defect  l eve l s  which are 
d i s t r  i buted cont i nuous I y throughout the  bandgap. 
a r i s e  from the  dangling s i l i c o n  bonds a t  the  i n te r face  between the  S iOx 
p r e c i p i t a t e  and the  bulk s i l i c o n .  
s im i la r  t o  the  in te r face  s ta tes  t h a t  have been stud ied extens ive ly  f o r  
t he  planar S i02 /S i  i n te r face  i n  MOS devices. 
rou t ine ly  passivated by a heat treatment a t  450°C f o r  15 minutes i n  a 
molecular hydrogen ambient. 
However , recent work2J3 has shown t h a t  
These de fec t  I eve1 s 
Such leve ls  appear t o  be q u i t e  
These in te r face  s ta tes  are 
It may be t h a t  the  d is loca t ions  i n  web mater ia l  a c t  as e f f e c t i v e  
nucleat ion s i t e s  f o r  S iOx p rec ip i ta tes ,  and t h a t  it i s  the  p r e c i p i t a t e s  
themselves which l i m i t  t he  d i f f u s i o n  length i n  web c e l l s .  Since web i s  
grown with a quartz c ruc ib le ,  t he  web contains a h igh  concentrat ion o f  
dissolved oxygen (19 ppma by ASTM F121-80 I R  spectroscopy method) .4 The 
improvement t h a t  has been observed f o r  web c e l l s  a s  a r e s u l t  o f  hydrogen 
ion  implantat ion may be associated w i t h  the  pass ivat ion o f  these i n t e r -  
face s tates.  
f o r  MOS devices t h a t  a re  heat t rea ted  i n  a hydrogen ambient. 
it i s  also poss ib le  t h a t  t he  hydrogen i s  pass ivat ing dangl ing bonds 
along the core o f  the  d is loca t ions .  
This  improvement would then be s i m i l a r  t o  t h a t  observed 
O f  course, 
As described i n  the  previous quar te r l y  progress repo r t  f o r  t h i s  
program, web c e l l s  which were completed except f o r  an a n t i r e f l e c t i v e  
(AR) coating were improved by the  implantat ion o f  hydrogen ions i n t o  the  
emi t te r  s ide  o f  the  c e l l .  The improvement was noted both i n  the  c e l l  
14 
e f f i c i e n c y  and i n  the  m ino r i t y  c a r r i e r  d i f f u s i o n  length, as measured by 
the  su r f  ace photovo I tage (SPV) techn i que. However , i n the  West i nghouse 
processing sequence t h e  AR coating i s  appl ied by a d ipp ing  process, and 
t h e  presence o f  g r i d  l i n e s  prevents the  formation o f  a uniform coat ing.  
E a r l i e r  attempts t o  implant hydrogen through t h e  AR coat ing were no t  
successful.  It was decided t o  attempt t o  implant hydrogen i n t o  t h e  
emi t te r  s ide  o f  t h e  web s t r i p s  a f t e r  t he  high-temperature boron and 
phosphorus d i f f u s i o n  steps were completed, bu t  before t h e  m e t a l l i z a t i o n  
step. This  i s  expected t o  provide the  desired improvement t o  t h e  base 
mater ia l  wh i le  no t  d i s tu rb ing  the s tep i n  which the  AR coat ing  i s  
appl ied. I n  addi t ion,  t h e  possibi I i t y  o f  j u n c t i o n  degradation by metal 
d i f f u s i n g  i n t o  t h e  deplet ion region as a r e s u l t  o f  heat ing f rom t h e  ion 
beam i s  e l iminated i f  metal grid l i n e s  are no t  present. 
The hydrogen ion implantation was done a t  t h e  Westinghouse R&D 
Center using a Veeco Microetch system which was adapted f o r  low-energy 
2 (1500 eV), high-dose (2 mA/cm f o r  2 minutes) hydrogen ion  implantat ion.  
A schematic diagram o f  t h e  system i s  given i n  F igure  8, and a photograph 
o f  a web c e l l  dur ing implantation i s  shown i n  F igure 9. The r e s u l t s  o f  
hydrogen ion implantat ion i n t o  small-area and i n t o  f u l l - s i z e d  web c e l l s  
a re  descr ibed below. 
2 3.2.1 Fabr ica t ion  of  Small Area (1 cm ) Web Cells 
I nc lud ing  Hydrogen I o n  Implantat ion 
Results have been obtained f o r  small c e l l s  (1 x 1 cm) fab r i ca ted  
Each web s t r i p  was c u t  i n t o  two pieces from th ree  d i f f e r e n t  web s t r i p s .  
a f t e r  boron and phosphorus d i f f us ions .  
processed i n t o  f in ished c e l l s  without hydrogen ion implantat ion, wh i le  
t h e  other p iece (e.g., 48H) was implanted and then processed t o  comple- 
t i o n .  
d i f f u s i o n  length, s h o r t - c i r c u i t  current ,  open-c i rcu i t  voltage, and e f f i -  
ciency has been obtained as a consequence o f  hydrogen ion implantat ion 
f o r  c e l l s  from s t r i p s  48 and 63. 
One piece (e.g., 48) was 
The r e s u l t s  a re  g iven i n  Table 1. A s i g n i f i c a n t  improvement i n  
Cel l  48-1, which was no t  implanted, 
15 
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Figure 8 - Schematic diagram o f  Veeco Microetch system 
adapted f o r  low-energy, high-dose hydrogen 
ion implantat ion.  
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F i g u r e  9 - Photograph o f  web c e l l  d u r i n g  hydrogen i o n  
implanta t ion  (the l i g h t  f o r  exposing the 
photographic f i l m  came from a v i o l e t  glow 
associated w i t h  the hydrogen ion beam). 
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Table 1. E f f e c t  o f  hydcogen Iasl*Implantat ion on Web Cel Is  
A. Before Ant i -Ref lect ive Coating 
J V 'I SPV Ln 
FF (2) (PI sc 2 
Web Crysta I H+ 
Ce l l  I D  I D  Implant (mA/cm (iy 
48-1 6-311-17.13 No 21.3 0.502 0.748 8.01 19 
48H-1 11 Yes 24.1 0.561 0.771 10.4 120 
63-2 2-303-13.9 No 22.2 0.521 0.771 8.91 21 
63X-2 11 Yes 24.2 0.558 0.753 10.2 160 
52-1 4-305-7.8 No 24.7 0.565 0.770 10.8 130 
52H-1 11 Yes 24.8 0.572 0.757 10.8 j200 
B. A f t e r  Anti-Ref l e c t i  ve Coating (600 A ZnS, lo00 A MgF2) 
Web 
Ce l l  I D  
H+ 
Imp I an t  FF 
48-1 No 32 .O 0.510 0.729 11.9 
48H-1 Yes 36.4 0.574 0.770 16.1 
52-1 No 36.8 0.586 0.773 16.7 
52H-1 Yes 36.7 0.589 0.757 16.4 
2 Notes : 1. Implant Conditions: 1500 eV, 2 mA/cm , 2 minutes w i t h  no stage cool ing.  
2. Hydrogen was implanted i n t o  t h e  emi t te r  s i d e  o f  t he  c e l l s  a f t e r  boron and 
3. Ce l l  s i ze :  1 x 1  cm. 
4. Test Conditions: AM1 (tungsten/halogen lamp), 100 mW/cm , room temperature (Run 
5. S t a r t i n g  web mater ia l  was boron-doped t o  4 ohm-cm. 
phosphorus d i f fus ions .  
2 
Cell-4). 
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had an e f f i c i e n c y  o f  8.01% (no AR coating) and a d i f f u s i o n  length o f  
19 pm. 
a d i f f u s i o n  length o f  120 pm. 
coat ing (600 A ZnS and lo00 A MgF2) the  e f f i c i e n c i e s  are  11.9% wi thout  
implantat ion and 16.1% w i t h  implantation. 
rea l i zed  f o r  t h e  c e l l s  fabr icated from s t r i p  63. 
Ce l l  48H-1, which was implanted, had an e f f i c i e n c y  o f  10.4% and 
With a double-layer a n t i r e f l e c t i o n  
S i m i l a r  improvements were 
Cel I 52-1 had a high e f f i c i ency  o f  10.8% (no AR coating) wi thout  
implantat ion. Cell 52H-1, from the same web s t r i p  as 52-1, was no t  
a f fec ted  by t h e  implantat ion. 
AR coating, t h e  e f f i c i e n c y  exceeded 16% i n  both cases. 
suggest t h a t  hydrogen ion implantat ion may be q u i t e  e f f e c t i v e  i n  
improving t h e  base mater ia l  f o r  most web c e l l s ,  b u t  t h a t  c e l l s  made from 
superior q u a l i t y  web may be improved only marg ina l ly .  
A f te r  the  app l i ca t i on  o f  t he  double-layer 
These r e s u l t s  
Hydrogen ion implantat ion i n t o  l o w - r e s i s t i v i t y  (0.2 ohm-cm) web 
a f t e r  boron and phosphorus d i f f us ions  i s  planned f o r  t h e  f u t u r e .  
hydrogen i s  ab le  t o  passivate the defect  s ta tes  i n  t h e  bandgap f o r  t h i s  
l o w - r e s i s t i v i t y  mater ia l ,  it may be poss ib le  t o  r e a l i z e  t h e  b e n e f i t s  o f  
t h e  low r e s i s t i v i t y  t o  the  open-c i rcu i t  vo l tage wi thout  s a c r i f i c i n g  
d i f f u s i o n  length, and consequently s h o r t - c i r c u i t  cur ren t .  
f o r  th is  experiment i s  scheduled t o  be grown, and the  e f f e c t s  of  
hydrogen ion implantat ion w i  I I be invest igated f o r  t he  f i r s t  t ime. 
I f  
Web mater ia l  
3.2.2 Fabr ica t ion  o f  Ful I-Sized Web CeI Is  Inc lud ing  
Hydrogen Ion Imp I a n t a t  i on 
Twenty-two web s t r i p s ,  each 33 cm i n  length, were processed 
through boron and phosphorus d i f f us ions  a t  t h e  Westinghouse Advanced 
Energy Systems D i v i s i o n  (AESD). 
c u t  i n t o  two pieces, one 22 cm long and the  other  11 cm long. The 11 cm 
pieces were then implanted w i t h  hydrogen using the  modi f ied Veeco Micro- 
e t ch  system with a 4-inch ion beam a t  t h e  Westinghouse R&D Center. 
implant cond i t ions  included a beam energy o f  1500 eV, a beam cu r ren t  
A f t e r  t h e  d i f f us ions ,  each s t r i p  was 
The 
19 
2 density o f  2.0 mA/cm 
t ime of 2.0 minutes. 
and two 11 cm long s t r i p s  were implanted a t  the  same t ime. 
(as measured by a Faraday cup), and an implant 
No external heating o f  the  sample stage was used, 
The 22 web s t r i p s  (11 cm long) t h a t  had been implanted w i th  
hydrogen a f t e r  boron and phosphorus d i f f us ions  were returned t o  AESD, 
where fu l l - s i zed  c e l l s  (2.9 x 9.8 cm) were fabr icated from the  implanted 
s t r i p s  using the standard processing sequence. These c e l l s  were then 
compared w i t h  c e l l s  fabr icated a t  the  same t ime and from the  same web 
c rys ta l  section, bu t  wi thout a hydrogen implant. The r e s u l t s  are given 
i n  Table 2 and i n  Figures 10 and 11. 
Measurements o f  the  minor i ty  c a r r i e r  d i f f u s i o n  length (SPV) and 
l i f e t ime  (OCD) indicated an improvement o f  the bulk  mater ia l  f o r  most o f  
the implanted c e l l s .  I t  was found t h a t  a s i g n i f i c a n t  improvement (1.2 
t o  1.9 mA/cm ) i n  Jsc was obtained f o r  ce l  I s  w i th  Jsc < 30 mA/cm2, bu t  
t h a t  f o r  c e l l s  w i th  Jsc above t h i s  value there was no systematic change. 
The largest improvement was f o r  c e l l s  from s t r i p  35, f o r  which Jsc 
2 increased from 29.1 t o  31.0 mA/cm as a r e s u l t  o f  hydrogen implantat ion. 
The minor i ty  c a r r i e r  d i f f u s i o n  length and l i f e t i m e  increased from 14 t o  
56 pm and from 3.5 t o  6.9 ps, respectively, f o r  these c e l l s .  
2 
Some c e l l s  exh ib i ted  a s i g n i f i c a n t  decrease i n  f i l l  fac to r  
fo l lowing hydrogen ion implantat ion because o f  a large ser ies  resistance 
(2.3 t o  7.8 ohm-cm ) .  This  may be associated w i t h  implant damage which 
could render the f i r s t  few hundred angstroms o f  s i l i c o n  amorphous, or 
wi th  an etching o f  the  emi t ter  surface by the  hydrogen ion beam. 
2 
An addi t ional  batch o f  web s t r i p s  (11 cm long) which have under- 
gone both d i f f us ions  has been suppl ied by AESD. 
w i  I I be repeated a f t e r  measurements o f  beam un i fo rmi ty  and sample 
temperature dur ing implantation have been made. I n  addi t ion,  measure- 
ments of cross-sectional TEM and EBIC are scheduled f o r  four  samples i n  
The above experiment 
20 
c 
0 .- 
+, 
cp 
+, c 
0 - 
P 
U 
c 
0 
n 
C 
9) 
WJ 
0 
L 
U 
I" 
+, 
0 
I 
+, 
a 
.- 
- 
9) 
V 
U 
9) 
N .- 
Y 
a 
u, 
y. 
0 
.- 
L 
0 
t 
V 
b 0  
aa 
. .  
acy u)a 
" Y  
m m  
A d  
b b  
cyrc 
bb 
0 0  
. .  
m b  b c o  m m  
00 
tu! 
4 0  m m  
co 
d 
a 
I m =  
b 
cy 
I 
cy 
c y c y  
3% 
c y c y  
m o l  
b a  
d r c  
. .  
c o b  b m  
d d  
O W  . .  
3s 
m m  m b  
bb 
00 
a m  
l-b mu) 
0 0  
. .  
a 0  
dN m m  
. .  
b 
E;' 
l-= m m 
I 
7 
o m  
SI 
b b  m m  
rca 
m a  
. .  
$33 
a m  
No 
r(d 
. .  
m m  mco 
0 0  
Y ?  
ab coco u)m 
0 0  
. .  
O N  
0 4  o m  
. .  
m 
E;' a =  m m 
I 
7 
m m  
SI a m  m m  
at- 
c o b  
. .  
O m  
-2 
b m  
b N  
4- 
. .  
r c *  
0 4  
b b  
0 0  
. .  
c o b  b c o  m m  
00 
arc 
dd 
o m  
. .  
b 
(0 
d 
I a =  
cy 
d 
I z 
coco 
SI 
Fld 
bb 
m d  
old 
r c d  
. .  
4 h l  *a 
N O  
* *  . .  
d 
r c b  
0 0  a m  
00 
a m  m m  
Lonu, 
0 0  
. .  
a 9 0  
r c *  
mcy 
* 
b 
I 
N E  m 
rc 
I z 
b b  
3% 
b b  
O m  
c o d  
r( 
. .  
-0 
Nrc 
rc 
aoco . .  
Y 
a 4  
u)Q) b m  
0 0  
. .  
aco 
Loco u)m 
00 
c y 4  
0 0  o w  
. .  
a 
2 
I * =  a 
N 
I 
b 
aa) 
2% 
b *  
.. 
0)  
+, 
0 z 
W a m  
> L  
t o r  
t o y  
0)  *- 
V Z  
x 3  
0)  
TI- 
rpo 
l V  
a t o  o 
0 .- 
C Y .  
m .- .e .c 
a0) 
U 
t- 
0 
v ) H  
L -- 0)  
0 -  
E 
E m  
Y - c  
to 
0)s  
--I 
.- 
- 
..- 
a n  
2 *  
.- 
n= 
E X  
to *- 
Y- 
UY- @ a  
.e* c 
m 
a n  
gY 
0 ) I  
= E  I-= 
0 
- .  
e- 6 
E a 9  
coo i 
V b  
I 
m o l  m 
X 
o c  m v.-  
hl m u  
Q Q )  
to t o 4  
C 
t o m  
Q) a -  
N L P  
E to to.- 
0)  - .- c 
- L o  
@ U P )  u to& 
. . .- 
-a 
. c  
.- .- 
.- 
21 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
C 
0 H y d r o g e n  Implanted W e b  Cell 
X Non-Hydrogen Implanted W e b  Cell 
0 X 
D 
X 
O 
0 
0 
X X 
X 
X 
X 
X X 
I I I I I I I I 1 1 
1 2 3 4 5 6 7 8 9 10 
Sample  Pair- 
Figure 10 - E f f e c t  o f  hydrogen ion implantat ion on g l e c t r o n  
d i f f u s i o n  length i n  f u l l - s i z e d  (28.4 cm ) 
web c e l l s .  
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F i g u r e  11 - E f f e c t  of hydrogen ion implanta5ion on e l e c t r o n  
lifetime i n  f u l l - s i z e d  (28.4 cm ) web c e l l s .  
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an attempt t o  c l a r i f y  which defects a re  being passivated by the  
hydrogen. 
3.3 FABRICATION OF WEB AND FLOAT ZONE SILICON CELLS 
Ce l l s  t h a t  a re  2 x 2 cm i n  s ize,  as requi red by the  contract ,  
have been fabr ica ted  from web s i l i c o n  substrates and f l o a t  zone s i l i c o n  
substrates. Examples of  such c e l l s  a re  shown i n  F igure 12. Both 
substrates are boron-doped. The web subst rate has a nominal r e s i s t i v i t y  
o f  4 ohm-cm w i t h  a (111) surface and the  Wacker f l o a t  zone subst rate has 
a r e s i s t i v i t y  o f  0.2 ohm-cm w i t h  a (100) surface. The c e l l  area i s  
defined by a mesa etch.  
ce l  Is and 375 pm f o r  t h e  f l o a t  zone ce l  Is. 
The nominal th ickness i s  130 p m  f o r  the  web 
3.3.1 Process Sequence and Ce l l  E f f i c i e n c i e s  
The process sequence f o r  f a b r i c a t i n g  the  c e l l s  i s  summarized i n  
Figure 13. 
and the  back surface f i e l d  region i s  formed by a BBr3 d i f f u s i o n  a t  
950'C. 
d i f f us ion .  
(100 A) Si02 layer grown a t  800'C. Again, the  samples are  cooled s lowly  
t o  600°C a f t e r  the  oxide pass ivat ion step. 
s i l i c o n  i n  a g r i d  l i n e  pa t te rn  on the  f r o n t  and back o f  the  c e l l .  An 
aluminum back sur face r e f l e c t o r  (1000 A) i s  deposited over t h e  e n t i r e  
back surface. 
s i l v e r ,  a double-layer a n t i r e f l e c t i v e  coat ing i s  deposited on the  f r o n t  
of the  cel I by evaporation. 
deposited on the  S i  02, and 1000 A o f  MgF2 deposited on the  ZnS. 
thicknesses are  optimum va I ues f o r  a s i  I icon sur face w i th  a layer o f  
S i02  100 A t h i c k .  
The emi t te r  region i s  formed by a P0Cl3 d i f f u s i o n  a t  850'C 
The samples are  cooled slowly (l'C/min) t o  600'C a f t e r  each 
Both f r o n t  and back surfaces are  passivated w i t h  a t h i n  
Contact i s  made t o  the  
A f te r  t he  evaporated metal layers a re  p la ted  w i th  8 pm o f  
This  coat ing cons is ts  o f  430 A o f  ZnS 
These 
given i n  Table 3.  
best  f l o a t  zone ce 
The best  web 
I had an e f f  
The r e s u l t s  f o r  e i g h t  web c e l l s  and two f l o a t  zone c e l l s  a re  
c e l l  had an e f f i c i ency  o f  16.5%, and the  
ciency o f  18.3%. The e i g h t  web c e l l s  
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ORtGlNAL PAGE IS 
OF POOR QlJALfIY 
F i g u r e  12 - Photograph o f  solar c e l l s  f a b r i c a t e d  w i t h  a 
d e n d r i t i c  web s i l i c o n  s u b s t r a t e  (nominal 4 
ohm-cm) and w i t h  a f l o a t  zone s i l i c o n  s u b s t r a t e  
(nominal 0.2 ohm-cm) . Subst ra tes  a r e  boron- 
doped, and c e l l  s i z e  i s  2x2 cm f o r  the seven 
l a r g e r  c e l l s  shown. 
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Figure 13 - Process sequence f o r  metal contact  t o  s i l i c o n  
along g r i d  l i n e  openings i n  oxide.  
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Table 3 - C e l l s  Produced by the High-Eff ic iency Process (Run Cell-3) 
Th i ckness qE ‘n ‘ocd Cel I J v 
I D  Substrate (mA/cm ) (85 FF (2) (pm) (PSI  (Pm) sc 2 
A- 1 
A-2 
c-1 
c-2 
E- 1 
E-2 
11M-1 
l lM-2  
3FZH-5 
3FZH-7 
web 36.6 
web 37.1 
web 34.2 
web 36 .O 
web 36.5 
web 37.5 
web 34.7 
web 35 .O 
f l o a t  zone 36.3 
f l o a t  zone 35.9 
0.573 0.772 16.2 ---- ---- 
0.571 0.765 16.2 149 16 
0.583 0.773 15.4 ---- ---- 
0.584 0.769 16 .2  62 11 
0.577 0.766 16 .1  ---- ---- 
0.576 0.762 16.5 116 38 
0.579 0.750 15 .1  ---- ---- 
0.579 0.741 15.0 59 l o  
0.625 0.804 18 .2  ---- ---- 
0.626 0.812 18.3 210 18 
124 
124 
127 
127 
140 
140 
122 
122 
394 
394 
Notes : 
1. 
2. 
h 
3 .  
4. 
5.  
6 .  
7 .  
8 .  
Cel l  Size: 2 x 2 cm 
Test Condit ions: AM1 (tungsten/halogen lamp), 100 mW/cm room 
temperature. 
Web substrates were boron-doped t o  4 ohm-cm (nominal); f l o a t  zone 
substrates were boron-doped t o  0 .2  ohm-cm (Wacker 100) 
Surface Pass ivat ion:  100 A Si02 ( f r o n t  and back). 
A n t i r e f l e c t i v e  coat ing:  430 A ZnS and 1000 A MgF2 (evaporated) 
Back surface r e f l e c t o r :  1000 A Aluminum. 
1 1 M  c e l l s  were produced by a modif ied process w i th  d o t  contacts 
through t h e  oxide ( f r o n t  and back) . 
Forward cu r ren t  f o r  rOCd measurement: 150 mA (N Is,) 
2 
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l i s t e d  i n  Table 3 were shipped t o  JPL as del iverables under t h i s  
cont rac t .  
I t  i s  i n t e r e s t i n g  t o  note t h a t  Jsc f o r  t h e  best web c e l l  (37.5 
2 2 mA/cm ) exceeded t h a t  f o r  t h e  best  f l o a t  zone c e l l  (35.9 mA/cm ) .  Th is  
i s  supported by a higher value f o r  the  e lec t ron  l i f e t i m e  i n  t h e  base o f  
t h e  web c e l l  (38 p s )  as compared w i t h  the  l i f e t i m e  value f o r  the  f l o a t  
zone c e l l  (18 p s ) .  The l i f e t i m e s  were measured by t h e  open-c i rcu i t  
vol tage decay (OCD) technique w i t h  a forward cur ren t  o f  150 mA (37.5 
mA/cm ) .  
sun i l luminat ion,  the  magnitude o f  t h i s  forward cur ren t  was chosen t o  
match t h e  s h o r t - c i r c u i t  cur ren t  o f  the  c e l l .  A t  t h i s  value o f  forward 
current ,  the base o f  t h e  c e l l  i s  under the  cond i t ion  o f  low-level 
m i nor i t y  car r i e r  i n j e c t  i on. 
2 I n  order t o  approximate the condi t ions o f  t h e  c e l l  under one 
If these l i f e t i m e s  are converted nto equivalent d i f f u s i o n  
lengths (Ln = [Dn T , ] ~ ’ ~ ) ,  the  correspond ng v a t  ues are  350 pm f o r  
web c e l l  E-2 and 180 p m  f o r  f l o a t  zone ce I 3FZH-7. These values 
of d i f f u s i o n  length are consis tent  w i t h  those required t o  obta in  
the  magnitude o f  s h o r t - c i r c u i t  cur ren t  t h a t  was observed. 
Calculat ions using the  program SPCOLAY were described i n  t h e  
previous quar te r ly  repor t  f o r  t h i s  program. These ca lcu la t ions  
r e l a t e  the s h o r t - c i r c u i t  c u r r e n t  t o  be expected from a s i l i c o n  
c e l l  150 pm t h i c k  f o r  var ious values of  d i f f u s i o n  length.  With a 
d i f fus ion  length o f  300 pm, the  expected cur ren t  i s  37.0 mA/cm 
(assuming 5% shadowing and r e f l e c t i o n  losses). With a d i f f u s i o n  
length of 150 pm, the  expected cur ren t  i s  35.6 mA/cm . These 
ca lcu lated currents  agree q u i t e  wel l  w i t h  the  currents  observed 
i n  the  two c e l l s ,  i n  which the  d i f f u s i o n  lengths ext racted from 
t h e  OCD measurements were 350 p m  and 180 pm, respect ive ly .  
2 
2 
Also given i n  Table 3 a re  values o f  e lec t ron  d i f f u s i o n  length i n  
t h e  base as determined from Quantum Ef f i c iency  measurements (QE Ln). 
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These measurements a re  made under very low-level i n j e c t i o n  condi t ions 
(0.001 sun). For t h i s  reason, the d i f f u s i o n  length i s  expected t o  be 
less than t h e  d i f f u s i o n  length under one sun i l l um ina t ion ,  where some 
f r a c t i o n  o f  t he  t raps  are saturated, and thereby rendered inac t ive .  I n  
add i t ion ,  i f  the  t r u e  value o f  the d i f f u s i o n  length exceeds the  c e l l  
thickness, then the  measured value w i l l  be l i m i t e d  t o  approximately the  
thickness o f  t he  c e l l .  Thus, the value of d i f f u s i o n  length obtained 
from quantum E f f i c i e n c y  measurements i s  thought t o  be a useful ind ica tor  
o f  t he  e l e c t r i c a l  q u a l i t y  o f  the base mater ia l ,  b u t  a more accurate 
value o f  d i f f u s i o n  length a t  one sun i n t e n s i t y  i s  taken t o  be the value 
der ived from OCD measurements. 
Contact i s  made t o  the  s i l i c o n  i n  a g r i d  l i n e  pa t te rn  on both 
t h e  f r o n t  and back o f  t he  c e l l .  I n  the  case o f  a l l  c e l l s  i n  Table 3 
except 11M-1 and\llM-2, windows are etched i n  the  passivat ing oxide so 
t h a t  metal touches s i l i c o n  along the  f u l l  length o f  t he  l i n e  ("high- 
e f f i c i e n c y "  process). 
square windows having an 800 pm spacing are etched i n  the  oxide 
("modif ied h igh-e f f i c iency"  process). Th is  reduces t h e  area of  metal i n  
d i r e c t  con tac t  w i t h  the  s i l i c o n  by a fac to r  of 40 compared t o  the f u l l  
g r i d  l i n e  contact, and thereby s i g n i f i c a n t l y  reduces the  recombination 
a c t i v i t y  associated w i t h  t he  me ta l / s i l i con  i n te r face .  
I n  the  case of c e l l s  11M-1 and llM-2, 20 pm 
To date, t he  do t  contact m e t a l l i z a t i o n  pa t te rn  has not  produced 
an improvement i n  c e l l  performance i n  e i t h e r  web c e l l s  (4 ohm-cm base) 
or i n  f l o a t  zone c e l l s  (0.2 ohm-cm base). The contact  area i s  adequate, 
s ince  the  f i l l  f a c t o r  o f  c e l l s  produced i n  t h i s  way i s  i n  the  normal 
range. The lack o f  improvement ind icates t h a t  t he  c a r r i e r  recombination 
i n  the  emi t te r  may no t  be dominated by the  metal contacts .  
f o r  example, be dominated by t h e  heav i l y  doped reg ion very near the  
surface o f  t he  emi t te r .  An e f f o r t  has been i n i t i a t e d  t o  address t h i s  
e f f e c t  by c rea t i ng  the  emi t te r  region w i t h  an arsenic source rather  than 
a phosphorus source. This  would permi t  a reduct ion i n  the  surface 
I t could, 
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concentrat ion o f  t he  emi t te r  from 1 x lo2' cm-3 t o  1 x lo1' ~ m - ~ ,  and i s  
expected t o  reduce the  recombination a c t i v i t y  i n  t h e  emi t te r .  
3.3.2 ZnS/MgF2 Double-Layer A n t i r e f l e c t i v e  Coating 
coat ing was optimized f o r  a s i l i c o n  subst rate w i t h  a pass ivat ing oxide 
layer 100 A t h i c k .  The index of re f rac t i on ,  a s  determined from 
el l ipsometry measurements, i s  2.35 f o r  ZnS and 1.38 f o r  MgF2. 
l a s t  quar ter ly  progress repo r t  f o r  t h i s  program, a choice o f  600 A ZnS 
and 1000 A MgF2 was shown t o  be very e f f e c t i v e  when deposited on bare 
s i l i c o n .  
t i v e  t o  t he  Jsc value f o r  bare s i l i c o n .  
t he  case w i th  oxide pass ivat ion was guided by ca lcu la t ions .  
14, curves o f  constant improvement i n  s h o r t - c i r c u i t  cu r ren t  a re  g iven as 
a funct ion o f  layer th ickness f o r  layers w i t h  an index o f  r e f r a c t i o n  o f  
During t h i s  repo r t i ng  per iod the  ZnS/MgF2 double-layer AR 
I n  the  
An enhancement i n  Jsc o f  50% was obtained exper imental ly re la -  
The choice o f  thicknesses f o r  
I n  F igure 
2.4 and 1.4. 
ZnS (2.35) and MgF2 (1.38), respect i ve I y . 
These ind ices are  reasonably c lose t o  thos 
With t h e  thickness o f  MgF2 he ld  a t  a constant va 
thicknesses o f  380, 430, 450, 500, and 540 A o f  ZnS were 
measured f o r  
ue o f  lo00 A, 
deposited. The 
best  value was found t o  be 430 A, i n  reasonable agreement w i th  t h e  
ca lcu lated values of  F igure 14. The measured r e f l e c t i v i t y  o f  c e l l  E-2 
from Table 3 i s  given i n  F igure 15. Note t h a t  t he  r e f l e c t i v i t y  i s  less 
than 5% from 0.4 pm t o  near ly  1.0 pm. 
the  longer wavelengths i s  a t  leas t  p a r t l y  a t t r i b u t e d  t o  the  r e f l e c t i o n  
o f  t he  l i g h t  from the  aluminum a t  t he  back o f  t h e  c e l l .  
t h a t  were deposited on c e l l  E-2 were 430 A f o r  ZnS and lo00 A f o r  MgF2. 
The higher r e f l e c t e d  i n t e n s i t y  a t  
The thicknesses 
The deposi t ion of these layers i s  by evaporation. The c r y s t a l s  
o f  ZnS o r  MgF2 are  placed i n  a tantalum boat 5 m i l s  t h i c k ,  I n  the  case 
o f  ZnS, a p la t inum mesh i s  spot-welded t o  cover t h e  boat t o  prevent t h e  
c r y s t a l s  from being t h r u s t  o u t  o f  the  boat when the  mater ia l  i s  heated 
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Figure 15 - R e f l e c t i v i t y  versus wavelength f o r  web c e l l  
E-2 from Run C e l l - 3 .  C e l l  has double-layer 
a n t i r e f l e c t i v e  coat ing  (430 A ZnS and 
1000 A MgF2) evaporated onto a passivated 
(100 A Si02) s i l i c o n  surface.  
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and sublimes. 
cause evaporation by r e s i s t i v e  heating a t  a r a t e  o f  7 t o  11 Ajsecond. 
For MgF2, 77 A o f  cu r ren t  are used t o  ob ta in  an evaporation r a t e  of  7 t o  
10 Afsecond. 
For ZnS, a current o f  90 A i s  passed through the  boat t o  
3.3 3 Quantum E f f i c i ency  Data 
The quantum e f f i c i e n c y  was measured f o r  the  c e l l s  indicated i n  
Tab e 3. Figure 16 shows the  measured values f o r  web c e l l  E-2 which had 
the  h ighest  e f f i c i e n c y .  Note t h a t  t he  quantum e f f i c i e n c y  a t  0.4 pm (the 
minimum wavelength f o r  t h i s  measurement) i s  80%. 
high, i nd i ca t i ng+a  r e l a t i v e l y  small amount o f  recombination occur r ing  i n  
t h e  emi t te r  and a t  t he  f r o n t  surface o f  t he  c e l l .  
oxide pass ivat ion i s  e f f e c t i v e  i n  reducing surface recombination. It 
a lso  suggests t h a t  the  d r i f t  f i e l d  associated w i th  the  v a r i a t i o n  i n  
doping densi ty  i n  t h e  emi t te r  may be a s s i s t i n g  i n  the  c o l l e c t i o n  o f  
holes from t h e  emi t te r  i n  a s i g n i f i c a n t  way. Th is  w i l l  be discussed i n  
greater  d e t a i l  i n  Section 3.3.5. 
This  value i s  q u i t e  
This  suggests t h e  
The p l o t  which i s  used t o  ob ta in  e lec t ron  d i f f u s i o n  length from 
t h e  quantum e f f i c i e n c y  data f o r  web c e l l  E-2 i s  shown i n  F igure 17. The 
reciproca I o f  t h e  absorption c o e f f i c i e n t  (a) i s  p l o t t e d  against  a 
composite va r iab le  (X - l), and the  slope o f  the  s t r a i g h t  l i n e  g ives t h e  
d i f f u s i o n  length. The var iab le  "X" i s  t h e  r a t i o  o f  t he  number o f  
photons absorbed i n  the  base o f  the  c e l l  t o  t h e  number o f  e lec t rons  
co l  lected by the  emitter-base junc t ion .  For t h i s  ce l  I, t h e  d i f f u s i o n  
length (116 pm) approaches the  thickness of  t he  ce l  I (140 pm) . 
S im i la r  p l o t s  o f  t he  quantum e f f i c i e n c y  data f o r  ce l  Is A-2, C-2, 
and llM-2 are given i n  Figures 18, 19, and 20. I n  a l l  cases the  quantum 
e f f i c i e n c y  a t  0.4 pm i s  approximately 80%. 
shor ter  wavelengths i s  p a r t l y  responsible f o r  t h e  large values o f  shor t -  
c i r c u i t  cu r ren t  t h a t  a re  l i s t e d  i n  Table 3. 
large cu r ren t  f o r  t he  web c e l l s  i s  t he  aluminum back-surface r e f l e c t o r .  
Th is  r e f  l ec to r  i s  more e f fec t i ve  f o r  t he  t h i n  web ce l  Is (130 pm) than 
This  high response a t  t h e  
Also c o n t r i b u t i n g  t o  t h e  
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Quantum e f f i c i e n c y  versus wavelength f o r  web c e l l  E-2 from 
Run C e l l - 3 .  
double- layer a n t i r e f l e c t i v e  coat ing  (430 A ZnS and 1000 A 
MgF ) ,  and aluminum back-surface r e f l e c t o r .  Web substrate 
i s  boron-doped t o  4 ohm-crn and e f f i c i e n c y  i s  16.5%. Note 
high short-wavelength response. 
C e l l  has surface passivat ion (100 A S i 0 2 ) ,  
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F i g u r e  17 - P l o t  t o  determine e l e c t r o n  d i f f u s i o n  length f o r  web c e l l  
E-2 from Run Ce l l -3 .  Note t h a t  d i f f u s i o n  length approaches 
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35 
Curve 7521 15-A 
I n .  - I 
- 
- 
- I 
c 
0) - - 
n 5 WebCell : A-2 
%a- Area: 4cm2 
Thickness : 124 p m  
Diffusion Length : 149 pm 
Efficiency : 16.2 '5 
- - 
u 
t 
W -
Y - 
z l  
E 
- - 
3 40- c 
m 
3 
0 - - 
20- 
- - 
0 1 I 1 I I I I I I I I I I I 
37 5 47 5 575 67 5 775 a7 5 ¶5 1075 
Wavelength (Nanometers) 
F igure  18 - quantum e f f i c i e n c y  versus wavelength f o r  web c e l l  A-2 from 
Run C e l l - 3 .  
36 
Curve 7521 16-A 
100 I 1 1 I I I I I I I I I I I 
- 
8 0 -  - 
E - - 
:a- Thkkness: 127 pm 
i! 0) 
C 
s 
p. - 
Diffusion length : 62 pm -Y - Effklency : 16.2% 
E 
= 40- 
0 - - 
- 
E 
5 
3 
20- 
- - 
0 I I 
31 5 475 95 675 775 87 5 975 1075 
Wavelength ( Nanometers) 
Figure 19 - Quantum e f f i c i e n c y  versus wavelength f o r  web cell C-2 from 
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b .* k 1 :  
f o r  t he  t h i c k e r  f l o a t  z6n'ei.c61 Is" (375 >m) because more o f  the  I i g h t  i s  
r e f l e c t e d  from the  aluminum, and the  r e f l e c t e d  I i g h t  i s  then absorbed 
c loser  t o  the  c o l l e c t i n g  junc t ion .  
o f  s h o r t - c i r c u i t  current ,  o f  course, i s  t he  very low loss o f  l i g h t  from 
r e f l e c t i o n ,  as ind icated i n  Figure 15 .  
Also c o n t r i b u t i n g  t o  the  h igh values 
3.3.4 Minor i t y  Car r i e r  L i f e t ime  by t h e  Open-circui t  
Voltage Decay Technique 
The values o f  m ino r i t y  c a r r i e r  l i f e t i m e  given i n  Table 3 were 
obta i ned by the  open-c i rcu i t vo I tage decay (OCD) techn i que5# us i ng a 
Model OCD-2 L i f e t i m e  Test U n i t  from S o l i d  S ta te  Measurements, 110 Tech- 
nology Drive, P i t tsburgh,  PA 15275. As mentioned above, t he  forward 
cu r ren t  was chosen t o  match the  s h o r t - c i r c u i t  cu r ren t  t o  s imulate the  
cond i t ions  under one sun i l lumina t ion .  A photograph o f  the  osc i l loscope 
t race  observed i n  such a measurement i s  g iven i n  Figure 21 f o r  web c e l l  
E-2. The vol tage f a l l s  o f f  l i n e a r l y  w i t h  t ime a f t e r  the  forward b ias  i s  
removed from the  c e l l .  The slope o f  t h i s  l i n e  i s  inversely propor t ional  
I ow- t o  the  m ino r i t y  c a r r i e r  l i f e t i m e  i n  the  base. Wi th  Iforward - Isc, 
level i n j e c t i o n  condi t ions apply. 
3.3.6 Dopant"Prof i1es and the  Drift F i e l d  
The dopant p ro f  i les  f o r  the  f r o n t  (n+p) and the  back (p*p) junc- 
t i o n s  f o r  web c e l l  18M-2 are given i n  Figures 22 and 23, respec t ive ly .  
Although c e l l  18M-2 i s  not  l i s t e d  i n  Table 3,  i t  was processed i n  Run 
Cel l -3  and i s  thus expected t o  be representat ive o f  the  c e l l s  l i s t e d  i n  
Table 3 .  There i s  an i n te res t i ng  fea tu re  t o  the  emi t te r  dopant p r o f i l e  
o f  F igure 22.  Since the  doping concentrat ion fo l l ows  a s t r a i g h t  l i n e  i n  
t h e  semilog p l o t ,  t he  concentrat ion decreases exponent ia l ly  w i t h  depth. 
The expression descr ib ing t h i s  decrease i s :  
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~ p o o R Q u A u r y  
Figure 21 - Osci l loscope t race  o f  t h e  decay o f  t h e  open- 
c i r c u i t  vol tage f o r  web c e l l  E-2 o f  Run Cel l -3 .  
The forward cur ren t  in jec ted  i n t o  the  base was 
chosen t o  be 150 mA i n  order t o  match the  shor t -  
c i r c u i t  cur ren t  under i l l um ina t ion .  The gap i n  
the  curve marks the  t ime a t  which the  measure- 
ment was made. The l i f e t i m e  o f  e lect rons i n  
the  p-type base ( T ~ ~ ~ )  was determined t o  be 38 ps .  
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Note n e a r l y  constant boron concentrat ion near 
t h e  sur face .  
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Since the  p r o f i l e  i s  exponential,  a constant e l e c t r i c  f i e l d  i s  
created w i t h i n  the  emi t te r  region having a magnitude o f  2780 V/cm and a 
d i r e c t i o n  p o i n t i n g  from emi t te r  t o  base. 
the  var iat ion.  i n  doping densi ty  i n  t h e  emi t te r ,  ass i s t s  t h e  m ino r i t y  
c a r r i e r  holes i n  the  emi t te r  i n  moving toward the  j unc t i on  f o r  co l l ec -  
t i o n .  
s t rong enough t o  s i g n i f i c a n t l y  a i d  i n  t h e  c o l l e c t i o n  o f  holes. 
existence o f  t h i s  e l e c t r i c  f i e l d  may be an important reason f o r  t he  h igh 
quantum e f f i c i e n c y  values a t  t h e  sho r t  wavelengths, as discussed i n  
Sect ion 3.3.3.  
Th is  d r i f t  f i e l d ,  created by 
The values t h a t  are calculated suggest t h a t  the  e l e c t r i c  f i e l d  i s  
The 
The ve loc i t y  (Vd) w i t h  which holes d r i f t  i n  the  emi t te r  as a 
r e s u l t  o f  t h i s  f i e l d  i s  given by: 
where p 
2 P With p 
P 
E = 2780 V/cm, the  d r i f t  ve loc i ty  i s  ca lcu la ted  from Equation 2 as 
5 1.67 x 10 cm/sec. 
i s  the  ho le  m o b i l i t y  and E i s  the  e l e c t r i c  f i e l d  s t rength.  
= 60 cm /sec (appropriate f o r  a doping densi ty o f  lo1' ~ m - ~ )  and 
The t ime (t) required f o r  a ho le  t o  t raverse  the  f u l l  width o f  
t h e  emi t te r  reg ion i s :  
t = X j / V d  (3) 
t 
where x i s  the  j unc t i on  depth. With x .  o f  0 .3  pm, t i s  ca lcu la ted  as 
1.80 x 1 0 - l o s e c .  
j J 
This i s  a short t ime f o r  t he  hole t o  spend i n  the  
emi t te r  and should be compared w i t h  t he  l i f e t i m e  o f  the  hole.  
Taking the  doping density t o  be 1 x 10' ~ m - ~ ,  the  measured 
7 I i f e t i m e  o f  holes by the  Auger recombi na t ion  process i s  3 x 
This i s  more t h a t  100 times as long as the  computed t r a n s i t  t ime f o r  
sec . 
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holes t o  d r i f t  across the  f u l l  w id th  of t he  base (1.80 x lo-'' sec). 
The holes there fore  appear t o  be ab le  t o  be transported t o  the  
c o l l e c t i n g  j unc t i on  by d r i f t  i n  a t ime which i s  sho r t  i n  comparison w i t h  
the  l i f e t i m e .  Note a lso  t h a t  Vd (1.67 x lo3 cm/sec) i s  a t  leas t  100 
t imes as large as a t y p i c a l  surface recombination v e l o c i t y  f o r  a 
3 passivated surface (1 x 10 cm/sec). Th is  suggests t h a t  t he  hole i s  
moved by the  d r i f t  f i e l d  much f a s t e r  than i t  d i f f u s e s  i n t o  t h e  f r o n t  
surface where i t  recombines. 
I t appears t h a t  t h i s  d r i f t  f i e l d  may be la rge ly  responsible f o r  
t he  good c o l l e c t i o n  e f f i c i e n c y  o f  holes created by the  absorption of 
short-wavelength photons i n  the  e m i t t e r .  I f  so, it i s  f o r t u i t o u s  t h a t  
t he  P0Cl3 d i f f u s i o n  gives r i s e  t o  such a d r i f t  f i e l d ,  f o r  it i s  no t  
i n ten t i ona l l y  designed t o  do so. Addi t ional  em i t te r  dopant p r o f i l e s  w i l l  
be measured i n  the  f u t u r e  t o  v e r i f y  t h a t  a d r i f t  f i e l d  i n  t h e  emi t te r  
contr ibutes s i g n i f i c a n t l y  t o  h igh short-wavelength response. 
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4 .  PROGRAM STATUS 
4.1 PRESENT STATUS 
The cu r ren t  mi lestone chart  f o r  t h i s  program i s  shown i n  
Table 4. 
dur ing t h i s  repo r t i ng  per iod are: 
The major conclusions or  observations t h a t  have been made 
1. Previous observations t h a t  high c e l l  e f f i c i e n c y  i s  r e l a t e d  
t o  the  absence o f  d i s loca t i ons  and impuri ty p rec ip i t a tes ,  and t h a t  t w i n  
boundaries a re  e l e c t r i c a l l y  benign, have been confirmed f o r  c e l l  218. 
2. The terminat ion po in t  i n  a web c r y s t a l  appears t o  be 
associated wi th 
external  sur face o f  t h e  web, as indicated by ce l  Is 88 and 178. 
t he  movement of t h e  heav i l y  twinned reg ion t o  t h e  
2 3. Hydrogen ion implantation (1500 eV, 2 mA/cm f o r  2 minutes) 
i n t o  web s t r i p s  a f t e r  both boron and phosphorus d i f f u s i o n  steps i s  q u i t e  
e f f e c t i v e  i n  improving minor i ty  c a r r i e r  d i f f u s i o n  length and c e l l  e f f i -  
ciency f o r  web mater ia l  which i s  no t  o f  super ior  q u a l i t y  t o  begin w i th ;  
t h i s  has been c l e a r l y  demonstrated f o r  c e l l s  w i th  small area (1 cm ), 
2 b u t  add i t i ona l  work i s  needed f o r  f u l l - s i z e d  (24.5 cm ) c e l l s .  
2 
2 4. Web c e l l s  w i t h  an area o f  4 cm have been fab r i ca ted  w i t h  
e f f i c i e n c y  values up t o  16.5% and m ino r i t y  c a r r i e r  l i f e t i m e  values up 
38 ps.  
t o  
5. A double-layer a n t i r e f l e c t i v e  coat ing cons is t i ng  o f  layers 
o f  ZnS and MgF2 has been optimized f o r  use w i th  s i l i c o n  subst rates 
having a pass ivat ing oxide layer. 
45 
(DI 
a3 
Q, du. 
I 
I 
i -  
i n  
I 
I 
I 
I Z  
I 
I 
I O  
.e 
L 
Q 
x 
V 
E 
0 
Y 
v) 
Q - .- 
I n 
0, 
3 
e 
v) 
.- 
5 .- 
e 
(0 z 
i 
v) 
v) 
0 
Q 
V 
U 
- 
a 
f 
o c 
m 
0) 
Y 
Q w 
Y 
v) 
0) > 
E 
H 
.- 
r( 
Y 
v) c 
e 
Y O  
- - E  
n L  
0 
3 
a3 e ' B  
no 
E m  -- 74 
0 0  .e* 
wr 
C Y  -- 01 
L E  
Q 0  
Y- 
Y 
Q C  
0 0  
% v )  
-Y -  
.- 
o a  
nY- 
&a 
a 
Y 
v) 
F 
4 
4 
4 
4 
v) 
$ 
u 
s 
2 
s 
3 
z 
- 
L 
0 
v) 
\ 
rt 
.- 
V 
0 - 
c 
0 
Y 
m c 
n 
V 
.- 
.- 
5 
2 
Q) 
V 
Q cc 
L a 
v) 
P) 
V a 
0 
Q a 
0 
Y 
v) 
F 
r 
Y 
Q 
c 
0 
v) 
Y- cc 
U 
U 
0 
? - 
.- 
a 
.- 
z 
4 4  
v) 
Y 
V 
P) 
Y- 
Y- 
0) 
w c 
0 
U 
.- 
n 
2 
m 
Q 
I 
w 
C 
V 
0 
.- 
a 
? 
% 
0)  
V c -  a c  
0 .- 
Y-- 
I .- 
Q v )  
I O  
Y 
n 
E o ,  
n a  
a n  
- 
2 ? 
5 5  a 
9) 
> %  
L 
o n  
no 
E c  H a  
(0 
Y 
v) 
F 
c 
0 
Y 
m > 
v) 
v) 
Q 
c 
0) 
01 
U 
h z 
h 
*, 
V c 
0)  
U 
cc 
Y- 
P) 
.- 
.- 
n 
e 
n 
.- .- 
- - 
Q 
V 
! e 
n 
E n 
b 
Y 
v) c 
4 
4 .  4 
)c 
74 
v 4 
u) 
01 e 
Y 
.- 
il 
f 
0 
P n a 
v) 
0; 
F 
Y 
v) 
c 
0 
Y 
m e 
.- 
E 3
V 
0 
U 
0) 
U 
> 
.- 
e 
0, 
s 
Y 
v) 
F 
40 
6. A strong d r i f t  f i e l d  (2780 V/cm) i n  the  emit ter  has been 
t h i s  d r i f t  f i e l d  appears t o  play a deduced from the  dopant p r o f i l e ;  
s ign i f i cant r o  I e i n obta i n i ng the high quantum e f  f i c i ency observed a t  
t h e  low wavelengths (80% a t  0.4 pm). 
4.2 FUTURE ACTIVITY 
Hydrogen ion implantation w i l l  be incorporated i n t o  the  
processing o f  l ow- res i s t i v i t y  (0.2 ohm-cm) web c e l l s  i n  order t o  improve 
the  web d i f f u s i o n  length t o  100pm o r  more i n  the  low r e s i s t i v i t y  c e l l s .  
I f  t h i s  i s  successful, then the  propert ies o f  web s i l i c o n  may approach 
those o f  l ow- res i s t i v i t y  f l o a t  zone s i l i c o n .  
achieve c e l l  e f f i c i e n c i e s  exceeding 18% f o r  web c e l l s ,  as has already 
been done f o r  f l o a t  zone c e l l s .  An arsenic s o l i d  d i f f u s i o n  source w i l l  
be invest igated f o r  obtaining emit ters which are doped only t o  a level  
o f  1 x 10lg c"'~ or below. This i s  expected t o  reduce the  Auger 
recombination a c t i v i t y  i n  the  emitter and thereby increase Jsc and Voc. 
It may then be possible t o  
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